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Abstract—The performance of a multi-functional composite 
high impedance surface (HIS) has been evaluated using the 
coherent Doppler tomography (CDT) and finite impulse response 
(FIR) filtering techniques. The HIS was fabricated using a 
combination of embroidery and advanced laser manufacturing 
processes. The result is a new conformable multi-functional glass 
fiber re-enforced polymer (GFRP) substrate suitable for 
structural load-bearing smart skin applications. The CDT 
method was utilized because it enabled the generation of a high 
resolution tomographic map of the HIS reflectivity. Tomograms 
generated at high incidence angles (> 80° from normal) were used 
to localize and FIR filter unwanted scattering associated with the 
ground plane edges and HIS transition regions. The resulting 
scattered fields from a defect (metallic block positioned in the 
center of the tomogram) were then used to assess the surface 
wave absorption within the HIS. Measured and simulated results 
are in excellent agreement.  
Index Terms—Artificial magnetic conductor, high impedance 
surface, high impedance ground plane, meta-absorber, multi-
functional structures, pregtronics 
I. INTRODUCTION
ONFORMAL load-bearing smart skins (CLSS) are seen as a
new avenue of research to enable multi-functional 
structural components [1]-[7]. These new multi-functional 
components exhibit optimized electrical and mechanical 
properties which may enhance the capability of an aerospace 
platform [2]. For example, conformal load-bearing antenna 
structures (CLAS) have been seen as one solution to CLSS 
where structural weight savings can be gained by integrating 
antennas in typical composite laminates. Examples of CLAS 
include the Slotted Waveguide Antenna Stiffened Structure 
(SWASS) concept [3], [7] and liquid metal vascular antennas 
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[8]-[9], to name a few. 
To enhance the utility of CLAS, it is desirable to 
incorporate artificial magnetic conductors (AMC) for 
manipulating ground plane surface currents [10], [11]. These 
structured ground planes may reduce electromagnetic coupling 
between adjacent antennas in an array configuration which is 
extremely desirable in applications where size restrictions 
exist, e.g., in unmanned aerial systems. In a similar regards, 
high impedance surfaces (HIS) have also been utilized to 
minimize or control surface wave propagation [11]. Since the 
band-gap response of a classical mushroom HIS is limited to 
approximately 30% ~ 40% [12], it is well suited to the 
comparatively narrow-band SWASS concept. 
In the CLSS paradigm, it is advantageous to enable the 
manufacture of such metasurfaces in structural load-bearing 
composite laminates to reduce weight and minimize 
integration complexity. Experimental characterization of the 
classical mushroom HIS can be achieved using a variety of 
different propagation methods. The simplest is a specular 
reflection measurement. Other methods include transmission 
measurements using both probes and sources, parallel-plate 
waveguide measurements and free space transmission 
measurements [10]. However, it becomes extremely difficult 
to fully characterize the performance of a HIS which is 
physically large, adheres to a conformal structure or exhibits 
anisotropic properties. Moreover, probing the characteristics 
of such HIS can be extremely tedious and time consuming 
[13]. Furthermore, when using a propagation reflection 
method to obtain the reflected magnitude and phase [10] at 
low incidence angles (< 80° from normal), specular effects 
may dominate the results due to the finite nature of typical test 
specimens. In such cases the surface wave absorption 
properties of the HIS may be masked. Hence, these methods 
only give the cumulative response of the entire HIS test 
specimen.  
This paper significantly expands previous work utilizing the 
coherent Doppler tomography (CDT) approach [14] to analyze 
HIS [15], [16]. The CDT method provides a more intuitive 
understanding of the scattering mechanisms occurring within 
the HIS through the use of a reflectivity map or tomogram. 
The finite impulse response (FIR) filtering of the scattered 
field enables the removal of unwanted features (such as the 
ground plane edges and HIS transition regions) that would 
otherwise mask the surface wave absorption characteristics of 
the HIS. Hence, the proposed combination of CDT and FIR 
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techniques provide a significantly distinctive insight into the 
HIS scattering properties as compared to traditional methods 
[10].  
This paper is structured as follows: Section II provides an 
overview of the composite HIS design. The HIS 
manufacturing process is outlined in Section III. Section IV 
introduces the CDT method and the simulation/measurement 
geometry. Section V demonstrates the FIR filtering method for 
feature extraction on simulated finite and infinite ground 
planes. Section VI outlines the experimental measurement 
setup. Section VII applies the CDT and FIR techniques to the 
measured scattering data from the fabricated HIS.  
II. HIS DESIGN
A classical mushroom-style HIS structure was designed to 
assess the utility of the CDT and FIR techniques for 
characterizing surface wave attenuation. Although there are 
many HIS designs which achieve optimal band-gap 
performance [12], the intent of this analysis is to evaluate the 
surface wave absorption properties in the presence of the 
proposed block and the finite ground plane geometry. Details 
of the HIS design and its manufacture are not the focus of this 
paper. Hence, this section will only briefly identify the key 
aspects of the HIS design. Section III will briefly describe the 
manufacturing process used to realize the HIS prototype 
employed in the measurement campaign. Further details of 
this manufacturing process can be found in [30]. 
Three cases will be examined to assess the efficacies of the 
proposed CDT and FIR techniques. The first case is based on 
the classical mushroom HIS. The second case is based on the 
HIS without vias (designated as an artificial impedance 
surface or AIS). The final case is based on the native dielectric 
substrate (with no vias or patches) to provide a comparative 
assessment.  
The HIS was designed to exhibit a band-gap centered about 
6.0 GHz. An illustration of the resulting HIS model (with 
dimensions) in the CST Microwave Studio 2017 simulation 
environment is given in Fig. 1. In the design of the HIS, two 
different simulations were performed. The first simulation 
focused on the specular performance (both magnitude and 
phase) of the HIS using Floquet ports with unit cell boundary 
conditions. The second simulation utilized the Eigen mode 
solver (with phase swept along the x axis) to determine the 
dispersion diagram of the HIS. 
The materials used to manufacture the substrate were 100 
g/m
2
 twill weave structural glass fabric (S-Glass) and Lonza 
PT-30 cyanate ester resin. The complex permittivity of the S-
Glass / PT-30 composite substrate (once consolidated in an 
autoclave as per the Lonza recommended cure cycle) was 
measured to be εr = 4.046 + 0.0137i at 6.0 GHz using the 
Nicholson-Ross-Weir method [29] in a WR-137 waveguide. 
The patches were fabricated using nickel coated non-woven 
chopped-strand carbon fiber veil (Optiveil 20404E supplied by 
TFP) with a surface resistance of approximately 0.348 Ω/sq. 
The vias were fabricated using 100/34 dtex 2ply conductive 
thread (supplied by Shieldex) with a conductivity in the order 
of 3000 - 4000 S/m. 
The benefit of using these materials over traditional off-the-
shelf substrates (like FR-4) is that they provide an avenue to 
allow later fabrication of conformal load-bearing multi-
functional composite HIS. These materials are fully 
compatible with existing aerospace composite tooling and 
manufacturing best practices. Therefore the HIS may 
potentially be prepared as a pre-preg for later use in a 
structural load-bearing smart skin application [30]-[32]. 
(a) 
(b) 
Fig. 2. Simulated (a) magnitude and (b) phase of the reflected field for the 
HIS, AIS and native substrate cases. 
The simulated results are presented in Fig. 2. It can be seen 
that the HIS has a resonance at 6.0 GHz whereas the AIS 
structure has a resonance at 5.3 GHz and the native substrate 
has a resonance at 11.5 GHz. The ± 90° band-gap response of 
the HIS spans from 5.0 to 7.0 GHz giving a useful bandwidth 
of approximately 33%. The loss experienced in both the AIS 
and HIS structures (shown later in Section VII) is attributed to 
both the conductive losses (in the carbon veil and Shieldex 
thread) and the dielectric losses (in the S-Glass / PT-30 
composite). It is worth noting that the native substrate (with a 
metallic ground plane) is acting like a traditional Salisbury 
screen, i.e., the resonance at 11.5 GHz is extremely close to 
λ
/4 
within the substrate material (t = 3.4 mm thickness with εr ~ 
4.0) at which the peak absorption occurs.  Fig. 1. CST unit cell model of the embroidered HIS mushroom structure. 
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The dispersion diagram for all three cases is illustrated in 
Fig. 3. The dispersion diagram is more representative of the 
response of the structures under high incident angle 
illumination. According to the dispersion diagram, the HIS 
band-gap begins at 5.1 GHz (slightly higher than the specular 
performance in Fig. 2). Similarly, the AIS structure exhibits its 
first band-gap above 8.0 GHz while the native substrate 
experiences its first band gap above 11.0 GHz.  
Fig. 3. Simulated dispersion diagram for the HIS, AIS and native substrate. 
III. HIS MANUFACTURE
The HIS was manufactured in a four-step process which 
differs for textile examples such as the HIS demonstrated in 
[33]. The first step was to embroider the via geometry into 25 
plies of S-Glass fabric. The embroidery was done with a 
Brother PE-1000 embroidery machine. The completed HIS 
after the sewing process is shown in Fig. 4. 
Fig. 4. Completed via geometry sewn into 25 plies of the S-Glass fabric. 
The second step was to fabricate the ground plane from two 
plies of the carbon veil. The individual plies of the carbon veil 
were weakly adhered to the bottom face of the S-Glass 
laminate. The adhesive used was Selleys Kwik Grip contact 
adhesive.  
The third step was to fabricate the patch geometry utilizing 
the carbon veil. This step was the most critical and the most 
complex to achieve. To begin, two plies of the carbon veil 
were weakly adhered to a single ply of the S-Glass fabric and 
de-bulked under vacuum for 30 minutes. A Trotec Speedy 400 
80 W numerically controlled CO2 laser was then used to 
profile the carbon veil to reveal the ‘patch’ geometry. The 
unwanted material (i.e., the veil between the patches) was 
peeled away and disposed. The single ply of the S-Glass (with 
carbon veil patches) was then aligned with the via geometry 
and infused with the Lonza PT-30 cyanate ester resin. The 
final HIS structure was cured at 200 ºC for 6 hours at 700 kPa 
pressure in an autoclave.  
The final step consisted of machining the tapered edge 
(approximately 5.0°) and aperture for the 100.0 x 100.0 x 4.0 
mm
3
 aluminum block. The machining was completed on a 
MultiCAM numerically controlled router. The total diameter 
of the HIS was 390 mm.  Due to the piece-wise approximation 
of a circle made by the patches, there is approximately 20 to 
25 mm of tapered and flat dielectric before the outer ring of 
the HIS is reached. For interest, the fabricated HIS has a total 
equivalent density of approximately 2.4 g/cm
3
. The conductive 
elements (i.e., the conductive thread and nickel coated carbon 
veil) contribute only a small fraction to the total weight of the 
HIS. 
 The AIS test article was manufactured in a similar fashion. 
However, the native substrate (manufactured from S-Glass / 
PT-30 with a carbon veil ground plane) was first fabricated 
and characterized to reduce the manufacturing effort. Two 
plies of the carbon veil were later bonded to the top face of the 
native substrate. The patch geometry was laser profiled 
directly on the consolidated substrate as illustrated in Fig. 5. 
Fig. 5. Laser etching of the nickel coated carbon veil on the S-Glass / PT-30 
substrate. 
A quick check of the specular performance of each sample 
(HIS, AIS and substrate cases) was performed in a microwave 
anechoic chamber. Due to the large size of the structure, the 
specular return was measured in the near field. As such, the 
normalized specular response is presented relative to an 
aluminum reference target of the same dimensions.  
Despite the measurement being performed in the near-field, 
a strong resonance about 6.0 GHz was observed for the HIS. 
This compares favorably with the CST simulations for normal 
incidence illumination. The extra loss seen above 6.0 GHz for 
the HIS is likely due to the resistive nature of the carbon veil 
material. The carbon veil is a non-woven mat and is extremely 
porous with potential for some anisotropy in the conductivity. 
This makes it extremely difficult to simulate. Consequently, a 
simplistic average bulk conductivity for the veil was used in 
the CST simulations. Similarly, no attempt was made to 
include the high permeability of the nickel coating in the CST 
simulation. Lastly, the manufactured AIS and substrate 
samples were thinner than expected (at approximately t = 3.0 
4
mm). Thus, the measured resonances occurred at higher 
frequencies as would be expected. 
IV. CDT TECHNIQUE
The reconstruction of a target from a set of scattering 
measurements is found in [17], [18]. However, the method 
introduced by Mensa ([19], [20]) and Hansen ([20], [21]) can 
achieve a higher degree of spatial resolution and is therefore 
well suited to microwave tomography. 
Consider the measurement geometry illustrated in Fig. 7. 
This geometry differs slightly from the geometry presented in 
[19] – [21] as it includes the elevation angle (denoted here as
α) of the transmit/receive antenna as measured from the image
plane. In essence, it represents a quasi-spherical microwave
tomography method [22]. This is important for the evaluation
of surface waves which require high incidence angle
illumination to be excited. The geometric parameters can be 
derived from their trigonometric relationships;   		
  		      2′cos		    

(1) 
where R is the radial distance between the antenna and the 
center of rotation, h’ is the height of the antenna above the 
image plane, and d is the distance to each pixel in the image 
domain.  
The tomographic approximation (	 of the target reflectivity
function 	 for a single illumination frequency is given by the
equation; 
, |	  4   !"|	# 	 ∙ 	 % & 	'( (2) 
where S("|) is the scattering data measured at frequency f and
illumination angle θ. Note that  ∙# and  ∙# denote the
forward and inverse Fourier transforms necessary to emulate a 
circular convolution over θ and . A composite image may
then be generated by summation over a number of measured 
frequency points (Nf ) according to the equation; 






where ∆f is the spectral sampling step. This composite image 
achieves a significant improvement in the dynamic range. 
However, the ability to resolve an image utilizing either a 
single frequency (2) or a bandwidth of frequencies (3) is 
invaluable for assessing typically narrow-band structures such 
as the HIS. 
The maximum radius of the tomogram (denoted by ρmax in 
Fig. 7 (a)) is governed by the angular sampling (denoted by 
∆θ) and the maximum illumination frequency (denoted by fN). 
A point in the tomogram at radius ρmax must obey the Nyquist 
criteria; 
 sin∆"	 - 2 (4) 
where c0 is the speed of light, to ensure that it does not exceed 
π radians between consecutive angular measurements. For 
example, with fN = 18.0 GHz and ∆θ = 0.5°, then ρmax ≈ 0.9 m. 
However, to ensure an un-aliased tomogram, it is prudent to set 
ρmax < 0.45 m (i.e. half the calculated value). The resolution of 
the tomogram can then be estimated from the first null in the 
point spread function. If the spectral bandwidth extends from 
2.0 GHz to18.0 GHz, the tomogram resolution can be obtained 
by setting S = 1 for all frequencies and illumination angles. In 
this case the resolution of the tomogram is approximately 5.0 
mm. This resolution is sufficient to localize and subsequently
filter the small 100.0 × 100.0 × 4.0 mm
3
 metallic block to be
discussed in Section V.
To demonstrate the CDT technique, consider a finite ground 
plane illuminated by a TM polarized electromagnetic field. 
This field will induce a surface wave (often referred to as 
Sommerfeld-Zenneck surface wave [24]-[26]) that will 
propagate along the ground plane until it encounters an 
impedance mismatch (associated with a geometric or material 




Fig. 7. (a) Perspective and (b) top view of the measurement geometry with 
finite ground, block and HIS. 
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discontinuity) whereupon it will scatter and re-radiate. The 
angle of the main radiating lobe of this surface current can be 
estimated by the equation [27 p. 220]; 
 . 49.3534 (5) 
where L is the characteristic length over which the surface 
wave at frequency f propagates. For example, consider a finite 
ground of dimension L = 400.0 mm illuminated by a TM field 
with frequency f = 18.0 GHz. The excited surface current will 
therefore radiate an angle α ≈ 10°. For lower illuminating 
frequencies, this lobe will move further away from the image 
plane resulting in a degradation of the tomogram sensitivity.  
To further illustrate these concepts, a 400.0 x 400.0 x 7.0 
mm
3
 perfect electrically conducting (PEC) finite ground plane 
(off-set by 20° relative to the coordinate axes) with a 100.0 x 
100.0 x 4.0 mm
3
 PEC protruding block will be characterized. 
Note that this simulated target is illustrated in Fig. 7 along 
with the HIS. However, the HIS is not included in the 
following simulation. The tomographic reconstruction of this 
target for Nf = 81 uniformly spaced frequencies spanning a 2.0 
to 18.0 GHz bandwidth and sampled at ∆θ = 0.5° over a full 2π 
aperture is given in Fig. 8. The simulation was performed using 
the MLFMM method in the computational electromagnetic 
software package FEKO. 
Fig. 8. Simulated tomographic reconstruction of the geometry in Fig. 7 
(without HIS) using FEKO’s MLFMM method. 
The total radar cross section (RCS) of the geometry in Fig. 7 
is presented in Fig. 9. The RCS of the target is presented at an 
altitude of α = 10° and an incidence direction of θ = 180° to 
ensure the result is not affected by Gibbs phenomena at the 
azimuth band edges. This is especially important in Section V 
where both the cross-range filtering (over the full 2π angular 
aperture) and the down-range filtering (over the 2.0 to 18.0 
GHz bandwidth) will be applied. 
Fig. 9. Simulated RCS of the geometry associated with Fig. 8 from an altitude 
of α = 10° and an incidence direction of θ = 180°. 
V. FEATURE EXTRACTION
The scattering associated with a particular feature in the 
tomogram can be extracted by multiplication with a suitable 
two-dimensional band-pass gate in the spatial domain. 
Unfortunately, this approach to gating necessitates 
measurement of the spectral response over an infinite 
bandwidth. This requirement ensures that adjacent scatterers 
are well approximated by their respective delta functions in the 
spatial domain. However, since the measured data is 
fundamentally band limited, each scatterer exhibits a non-zero 
extent and, as a consequence, cannot be isolated in the spatial 
domain without erroneously incorporating a portion of its 
neighbor’s spectrum. 
The alternative approach is to convolve the spectral data (in 
the frequency domain) with the Fourier transform of the 
desired spatial gate [28]. The advantage of this approach is the 
finite nature of the spatial gate permits the analytical solution 
of its Fourier transform for all spectral frequencies. For 
example, a rectangular band-pass window has the well-known 
‘sinc’ function as its Fourier transform. 
The finite extent of the measured spectral content 
necessitates that the Fourier transform of the desired window 
be truncated to Nf  samples when filtering in down-range or the 
number of theta angles (Nθ) when filtering in cross-range. This 
is analogous to multiplication by a second window function in 
the spectral domain. This second window can be selected to 
Fig. 10. FIR filter definition for the simulated geometry in Fig. 7. 
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minimize the Gibbs phenomenon associated with the 
bandwidth edges. Hence, this spectral filtering approach is the 
logical choice for use with the CDT technique where a sparse 
frequency sampling is sufficient to generate a high-resolution 
tomogram. 
Consider the tomogram presented in Fig. 8. If the spectral 
content associated with the 100.0 x 100.0 x 4.0 mm
3
 PEC block 
is of interest, then a rectangular gate (FIR filter) can be defined 
as illustrated in Fig. 10. 
Convolving the spectral data with the Fourier transform of 
this rectangular gate yields the tomogram shown in Fig. 11. To 
be clear, the filtering operation was performed on the simulated 
spectral (S) data. The filtered spectral data was then processed 
as per Section IV to generate the tomogram in Fig. 11. 
Fig. 11. Tomographic reconstruction of the FIR filtered geometry in Fig. 10. 
It is difficult to distinguish which components of the RCS in 
Fig. 9 are associated with the PEC block or with the finite 
ground plane. However, after FIR filtering, the RCS of the 
PEC block (due to surface wave scattering from the geometric 
discontinuities at the block edges) can be determined in 
isolation from the finite ground plane. The result is presented in 
Fig. 12. For comparison, the RCS of the same PEC block on an 
infinite ground plane was determined in simulation to yield the 
second RCS given in Fig. 12. No FIR filtering of this spectral 
data is required as there are no features to remove that are 
associated with the infinite ground plane. Consequently, the 
simulated RCS is unaffected by Gibbs phenomena at the 
bandwidth edges.  
The constructive / destructive RCS features illustrated in 
Fig. 12 are due to the excitation of a surface wave on the top 
face of the PEC block. This surface wave scatters from the 
leading and trailing edges of the PEC block resulting in the 
observed interference behavior.  
Fig. 12. Simulated RCS of the PEC block on a finite ground (after FIR 
filtering) and the same PEC block on an infinite ground plane from an 
elevation of α = 10° and incidence of θ = 180°. 
This RCS comparison in Fig. 12 clearly illustrates the utility 
of the CDT and FIR techniques. At the lower frequencies, the 
excited surface wave has not reached a steady state and so the 
total scattered field (after FIR filtering) is reduced relative to 
the infinite ground plane case. However, at the higher 
frequencies, the excited surface wave has reached steady state. 
Consequently, the finite ground plane result (after FIR 
filtering) agrees with the infinite ground plane simulation. 
Although it is not practical to measure an infinite ground plane, 
the 400.0 x 400.0 x 7.0 mm
3
 finite aluminum ground provides a 
sufficient analog given the far-field criteria and the finite size 
of the anechoic chamber available for use by the authors. 
Fig. 13. FIR filtering to isolate the scattering associated with the leading edge 
of the PEC block. 
For interest, it is possible to FIR filter just one of the PEC 
block edges as illustrated in Fig. 13. The spectral content 
associated with the region outlined in Fig. 13 can then be 
compared with the RCS of the FIR filtered PEC block. As is 
evident in Fig. 14, the interference pattern has been essentially 
removed. This is akin to a perfectly matched (to free space) 
trailing edge, which, albeit, is an impractical result. 
Nonetheless, this example demonstrates the deeper insight 
possible with the CDT and FIR techniques. 
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Fig. 14. Simulated RCS of the PEC block on a finite ground (after FIR 
filtering) compared with the leading edge scattering (after FIR filtering) for an 
elevation of α = 10° and incidence of θ = 180°. 
VI. EXPERIMENTAL METHOD
To evaluate the performance of the composite HIS 
structure, the CDT and FIR techniques were used. This 
necessitated the inclusion of the 100.0 x 100.0 x 4.0 mm
3
 
aluminum block embedded within the HIS structure to disrupt 
the excited surface wave. Comparison of the outcomes for the 
two cases (aluminum block with and without the HIS) on the 
finite ground plane are then used to illustrate the performance 
of the HIS.  
Scattering measurements were performed in a microwave 
anechoic chamber using a calibrated Keysight N5225A PNA. 
The calibration process normalized the measured scattering 
parameters to a known target. In this case, it was a simple 
150.0 x 150.0 mm
2
 aluminum plate measured specularly from 
a distance of R = 5.0 m to ensure far-field illumination. The 
calibration procedure can be expressed as; 
|  	| 
|| 
| (6) 
where Scal is the calibrated scattering data, Sref  is the 150.0 x 
150.0 mm
2
 square aluminum calibration target and Siso is the
isolated chamber measurement.  
Due to the large number of measurements necessary to 
achieve a full 2π aperture in ∆θ = 0.5° steps, Siso was 
influenced by phase noise as a result of temperature 
fluctuations within the PNA, coaxial cables, antennas and 
anechoic chamber. To minimize these error sources, Siso was 
calculated by taking the average of Smeasured as; 





where Nθ = 720 is the number of angular steps used to form 
the 2π aperture. This approach removed all zero Doppler 
components from the tomogram. Hence, any feature of interest 
in the tomogram that resides at the rotation center will be 
subtracted inadvertently. Therefore, as illustrated in Fig. 15, the 
finite aluminum ground plane and block were positioned on the 
Azimuth-over-Altitude mount in the anechoic chamber to 
avoid such issues. 
Fig. 15. Measurement setup with only the finite ground plane and the block. 
The HIS was placed around the 100.0 x 100.0 x 4.0 mm
3
 
aluminum block as illustrated in Fig. 16. Care was taken to 
ensure good electrical contact between the HIS and the finite 
aluminum ground plane. Unlike the simulated results in 
Section IV where computational resources and time limited the 
number of frequency samples used to generate the tomogram, 
the scattering data was measured with Nf  = 401 samples over 
the entire 2.0 to 18.0 GHz bandwidth. This increased spectral 
sampling significantly improved the dynamic range of the 
tomogram as per equation (3). 
Fig. 16. Measurement setup with the HIS on the finite aluminum ground plane 
and with the aluminum block. 
VII. SURFACE WAVE SCATTERING
The measured tomogram and RCS (after FIR filtering) for 
the finite ground plane and block (shown in Fig. 15) are 
presented in Fig. 17 for later comparisons with the 
corresponding results obtained from the HIS, AIS and 
substrate cases.  
The HIS was then installed as shown in Fig. 16. The 
measured tomogram and RCS (after FIR filtering) are 
presented in Fig. 18. The reconstructed tomogram illustrated 
in Fig. 18 (a) reveals the complex scattering that occurs within 
the HIS as a result of the via and patch geometry. There are 
three main features that can be identified in this tomogram.  
The first identifiable feature is the transition between the 
finite ground plane and the tapered / flat substrate regions. 
This transition is illustrated by the thin light gray band that 
runs circumferentially around the HIS with an approximate 
width of 20 ~ 30 mm. In this region the surface waves are 
disrupted as they transition from free-space into the dispersive 
dielectric substrate. 
The second feature is outlined by the darker region around 
the periphery of the HIS. This region is approximately 50 mm 
wide (about one wavelength at 6.5 GHz). In this region the 
surface waves are transitioning into the HIS structure.  
The third region (closest to the aluminum block) is 
identified by a periodic speckle pattern (correlated with the 
corners of the HIS patches). In this region the surface wave 
has achieved a quasi-steady state. It must be noted that the 
tomogram represents the coherent summation of all scattering 
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events over the 2.0 to 18.0 GHz bandwidth. Therefore, these 
scattering features (due to the physical sizes of their scattering 
centers) are mostly the result of the higher illumination 
frequencies. 
As is evident in Fig. 18 (b), the HIS band gap is clearly 
present from approximately 5.0 GHz with a strong resonance 
at about 6.5 GHz. This is in reasonable correlation with the 
predicted band-gap results from the CST unit cell simulation 
given in Fig. 3. Hence, the surface wave scattering from the 
aluminum block has been significantly reduced as a result of 
the presence of the HIS. Fig. 18 (c) illustrates the effective 
isotropic performance of the HIS for all illumination angles at 
6.5 GHz. 
In Fig. 18 (b), the surface wave is seen to be strongly 
attenuated over a much larger bandwidth (extending up to 
approximately 14.0 GHz) then was predicted. To understand 
this extended performance of the HIS, the AIS sample (with 
no embroidered vias) was measured. Only the nickel coated 
carbon ‘patches’ were present on the PT-30 / S-glass substrate. 
The resulting measured tomogram and RCS values are 




Fig. 18. Measured (a) tomogram and FIR filtered RCS values of the block 
with the HIS present from an elevation of α = 10° and (b) incidence of θ = 
180° and (c) at 6.5 GHz. 
Comparison of Fig. 18 (b) and Fig. 19 (b) confirms the 
strong resonance (about 6.5 GHz) present in the HIS results is 
due to the inclusion of the vias. The extended performance of 
the HIS can therefore be attributed to the resistive component 
of the nickel coated carbon veil patches and dielectric loss in 
the substrate. 
For completeness, the native substrate sample was also 
measured and analyzed. The resulting tomogram and RCS 
(after FIR filtering) are presented in Fig. 20. As evident in Fig. 
20 (b), the scattering reduction at the high frequencies (above 




Fig. 17. Measured (a) tomogram and (b) FIR filtered RCS values of the block 




Fig. 19. Measured (a) tomogram and (b) FIR filtered RCS values of the block 
with the AIS (no vias) from an elevation of α = 10° and incidence of θ = 180°. 
In summary, the CDT and FIR techniques have been 
employed to fully explain the scattering mechanisms present 
in the fabricated HIS structure. The measured surface wave 
absorption (determined using the CDT and FIR techniques) is 
in reasonable agreement with the simulated dispersion 
diagram in Fig. 3. The HIS clearly provides a significant 
improvement in the attenuation of the surface waves. Lastly, it 
should be noted that the large computational size of the HIS 
(due mostly to the inclusion of the electrically thin lossy 
conductors and dielectric materials) inhibits the numerical 
simulation of these structures in FEKO or CST (at least to 
within the computing power available to the authors). This 
further highlights the usefulness of the CDT and FIR 
techniques for the investigation of the scattering properties of 
electrically large HIS.  
VIII. CONCLUSION
This work has demonstrated the application of the coherent 
Doppler tomography (CDT) and finite impulse response (FIR) 
filtering techniques to the characterization of the scattering 
from a simple mushroom-style HIS. The manufacturing 
techniques used to fabricate the HIS offer a unique approach 
for realizing multi-functional composite smart skins. The 
materials used are semi-structural, electrically thin, light 
weight and can potentially be prepared as a pre-preg for 
inclusion in a traditional composite laminate.  
All three measured cases (HIS, AIS and substrate only) 
demonstrated good agreement with numerical simulation. The 
measured tomograms provide a unique insight into the 
scattering mechanisms of the composite HIS at high incidence 
angles over a wide bandwidth. The tomograms were used to 
identify the different scattering phenomena occurring within 
the HIS at the transitions between the finite ground plane and 
the substrate, into the HIS, and from the patches themselves. 
The FIR process was then used to filter out these transition 
regions to yield a true representation of the HIS performance 
(for an illumination angle of α = 10°). The analysis 
demonstrated that the HIS not only forbids surface wave 
propagation over the band-gap region but (due to the high 
losses from the constituent materials) exhibits significant 
absorption up to 14.0 GHz. This information gained about the 
HIS from the CDT and FIR techniques has not been 
demonstrated previously in the literature to the best of the 
author’s knowledge. The CDT and FIR techniques therefore 
provide a unique approach to characterizing electrically large 
HIS and AIS structures.  
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